Chromatography on methylated albumin-kieselguhr of RNA from Saccharomyces cerevisiae was used to separate stable RNA from a tenaciously bound DNAlike RNA fraction. The tenaciously bound RNA, which was eluted with a dilute solution of sodium dodecyl sulphate, was characterized as messenger-like RNA by its sedimentation behaviour, nucleotide composition, lack of methylated bases and labelling kinetics. Chromatography of purified ribosomal RNA indicated a minor contamination of the tenaciously bound fraction with ribosomal RNA. On the other hand, a large portion of pulse-labelled polyribosomal RNA from protoplasts of Saccharomyces cerevi8iae was tenaciously bound to the columns. The 'chase' of isotopic label from the messenger-like RNA was found to be retarded during inhibition of protein synthesis both by cycloheximide and by starvation for a carbon source.
Previous attempts to study mRNA in yeast have been hampered by a combination of several unique characteristics of this organism. First, when total cell extracts are employed, the rapid labelling kinetics of mRNA are obscured because even after very brief labelling periods most of the label appears in ribosomal precursor RNA and rRNA (Retel & Planta, 1967; de Kloet, 1966; Taber & Vincent, 1969) . This high rate of rRNA synthesis is facilitated both by the comparatively large fraction (about 2%) of the yeast genome coding for rRNA (Retel & Planta, 1968; Wintersberger, 1967) and the rapid conversion of ribosomal precursor RNA into mature rRNA (Taber & Vincent, 1969) . Secondly, although polyribosomes provide an opportunity to study a subcellular fraction enriched in mRNA, the quantitative extraction of yeast polyribosomes has been possible only through the use of yeast protoplasts formed by enzymic digestion of the cell wall (Duell, Inoue & Utter, 1964; Hutchison & Hartwell, 1967) . However, protoplast formation requires subjecting the yeast to abnormal physiological conditions for extended periods, thus precluding the study of mRNA synthesis and decay during completely normal growth conditions. During mechanical disruption of whole yeast cells, apparently any force sufficient for disruption of the cell wall is also sufficient to cause appreciable damage to the labile polyribosome complex. Alternatively it might be proposed that this polyribosome degradation results from a normally high intracellular ribonuclease activity that is decreased either by inactivation or leaching-out during formation of protoplasts.
In this investigation total RNA from mechanically disrupted yeast cells was fractionated by MAK* chromatography with a step-gradient elution procedure designed to separate the stable RNA from an unstable fraction tentatively identified with mRNA. When nucleic acids from metazoan cells are chromatographed on MAK columns, most of the nucleic acid species are eluted, and separated, by a sodium chloride gradient. However, a large portion (about 80%) of the rapidly labelled RNA, which is DNA-like in base composition and has a sedimentation profile similar to polyribosomal mRNA, is tenaciously bound to the column (Ellem, 1966; Ewing & Cherry, 1967; Lingrel, 1967; Ellem & Rhode, 1968) . This fraction, termed TD-RNA, can be eluted with a dilute solution of sodium dodecyl sulphate (Roberts & Quinlivan, 1969; Ellem, 1966) . In this paper an analogous fraction of RNA from yeast was tested with regard to its base composition, sedimentation properties and labelling kinetics. In addition, the decay of label in this fraction was tested under several different growth conditions. The chromatographic behaviour of purified rRNA and pulse-labelled polyribosomal RNA from yeast protoplasts was also investigated.
In contrast with metazoan cells, yeast cells * Abbreviation: MAK, methylated albumin-kieselguhr.
provide an opportunity to study mRNA in a homogeneous eukaryotic cell culture with a short generation time. Moreover, as with bacteria, the effects of different growth rates and restrictive growth conditions can be conveniently studied.
MATERIALS AND METHODS Organism and growth conditions. The haploid aUr4 (S21 12D) strain of Saccharomyces cerevisiae (obtained from Dr R. K. Mortimer, University of California, Berkeley, Calif., U.S.A.) was used in all experiments. This strain is auxotrophic for uracil and histidine. Except where otherwise specified, a modification of the synthetic media described by Roman (1956) was used. Uracil and histidine were present at 10,tg/ml to meet the deficiency of the auxotrophic strain. Cultures were grown at 300C in 1 litre cylinders with agitation provided by constant aeration. The generation time under these conditions was about 4 h. Isotope incorporation, and nucleic acid extractions were carried out with mid-log phase cultures (about 107 cells/ml). Transfer of cells was accomplished by collection on membrane filters.
Determination of radioactivity. The specific conditions for the incorporation of radioisotopes are described in the legends of the Figures. A Beckman liquid-scintillation spectrometer was used for the radioassays. Portions of aqueous samples were mixed with a scintillant containing 4g of 5-(4-biphenylyl)-2-(4-tert.-butylphenyl)-1-oxa-3,4-diazole (Packard Instrument Co., Downers Grove, Ill., U.S.A.), 80g ofnaphthalene/l, 400 ml ofmethylCellosolve/l and 600ml of toluene/l. Isotopically labelled compounds were purchased from the New England Nuclear Corp., Boston, Mass., U.S.A. (Wehr & Parks, 1969; Chargaff & Zamenhof, 1948) . Further, significant contamination of the tenaciously bound fraction with DNA is excluded by the rapid labelling and 'chase' characteristics of this fraction (see the Results section).
For extraction of RNA from ribosomes, the cells were disrupted as described above, and the cell debris was sedimented at 20000rev./min for 10min in a Spinco model L ultracentrifuge with the no. 40 angle head. The ribosomes, contained in the supernatant, were then sedimented by centrifuging for 5h at 40000rev./min. The rRNA was extracted from the resulting pellet as described above.
Isolation ofpolyribosomal mRNAfromprotoplast8. Protoplasts were formed by digestion of the cell wall with glusulase (Endo Laboratories Inc., Garden City, N.J., U.S.A.) essentially as described by Hutchison & Hartwell (1967) . The protoplasts were incubated for 10min with [3H]uracil, after which time cycloheximide was added to prevent polyribosome breakdown (Hartwell & McLaughlin, 1968 . The cells were lysed by freezing and thawing in 1% Brig-58 (Atlas Powder Co., Wilmington, Del., U.S.A.), followed by extraction for 10min at 2°C. After centrifugation to remove the cell debris, the supernatant, containing the polyribosomes, was layered on a 10-30% (w/v) sucrose gradient, and centrifugation was carried out for 1 h in the Spinco model L ultracentrifuge at 35000rev./min with the SW39 rotor at 5°C. RNA was extracted from the pooled polyribosome fractionis by the cold phenol method described above.
MA K column chromatography. The columns were prepared by the method of Osawa & Sibatani (1966) , which is a simplified version of the more standard procedure of Mandell & Hershey (1960) . The columns were 1.2 cm in diameter with displacement volumes of about 10 ml. Columns of this size were found to be sufficient for adsorption of up to 2mg of RNA. The elution rate of 0.25ml/min was produced by a water head of about 30cm. E260 was determined in 5ml fractions that were collected by using a Beckman model 32 fraction collector. Radioactivity was determined in 0.5ml samples of these fractions. Elution was carried out at 30°C.
The RNA samples were adsorbed to the columns in small volumes of 0.2M-NaCl in potassium phosphate buffer (pH6.7), followed by passage of 20-30ml of the same buffer to wash through low-molecular-weight contaminants. This was followed by a salt-pH gradient that was established by passing 150ml of 1.5m-NaCl, pH9.0, into 150 ml of 0.2M-NaCl, pH6.7, contained in the mixing vessel. This gradient was interrupted after the passage of 175ml, as this was found to be sufficient for complete elution of the bulk nucleic acids. Water (25 ml) was then passed through the columns to avoid subsequent precipitation of potassium dodecyl sulphate. No nucleic acids (or radioactivity) were eluted by the water. Final elution of the tenaciously bound RNA was accomplished by passing 20ml of a 0.1% (w/v) sodium dodecyl sulphate solution. Radioassay of the column residue showed that essentially all of the radioactivity was eluted by this procedure.
To obtain highly radioactive bulk RNA fractions for the labelling kinetics studies, a simplified elution procedure was followed. Instead ofthe salt gradient described above, the tRNA and rRNA were eluted in a single step with 30ml of 1.5M-NaCl, pH9.0. This drastic steepening of the gradient was found to have no effect on the total amount of material eluted by this step. Further, this simplification obviated the use of the fraction collector: the two fractions of interest were collected in graduated cylinders. Exactly lmg of RNA was adsorbed to each column. Thus, the radioactivity, shown in Figs. 7, 9, 10 and 11, represents the total radioactivity (c.p.m./mg of input RNA) eluted by the 1.5M-NaCl and the sodium dodecyl sulphate as determined from 0.5ml samples of each. In any given pulse or chase experiment, isotope incorporation or dilution was carried out in a single culture, and samples were removed at the designated times for RNA extraction and MAK chromatography.
Nucleotide analy8i8. Nucleotide analyses were performed by electrophoresis essentially as described by Davidson & Smellie (1952) (Fig. 2) show that the bulk of the labelled rRNA is eluted by the salt gradient, with only about 5% of the label being eluted by sodium dodecyl sulphate.
The molecular-weight distribution of pulselabelled RNA in the sodium dodecyl sulphate fraction was determined by zonal centrifugation on sucrose gradients (Fig. 3) . The sucrose profile of the radioactivity from the sodium dodecyl sulphate fraction shows a broad peak, with most of the radioactivity sedimenting slightly slower than the 18S rRNA. The relatively low E260 profile shows the characteristic 28S and 18S rRNA peaks with essentially no correspondence between the E260 and radioactivity profiles.
To further identify the sodium dodecyl sulphate fraction with mRNA, the chromatographic behaviour of pulse-labelled yeast polyribosomal RNA was investigated. Polyribosomal RNA was extracted from yeast protoplasts as detailed in the Materials and Methods section. Fig. 4 plasts that were pulsed with [3H]uracil for 10min. Although a significant amount of label was incorporated into rRNA during the 10min pulse, the characteristic high specific radioactivity peak of mRNAmaybe seen in fractions 14-18 (Fig. 4) . These fractions were then combined and chromatographed on an MAK column (Fig. 5 ). The elution profile shows that a large portion (about 75%) of the radioactive polyribosomal mRNA is, in fact, tenaciously bound to the column, and is subsequently eluted by sodium dodecyl sulphate. Although Fig. 5 also shows salt-eluted peaks of tRNA and rRNA, this would be expected since the sucrose fractions that were pooled also contained some of these RNA species. AlthoughtheMAKcolumnchromatograms clearly show that rRNA is quantitatively eluted by the salt gradient, it is not readily apparent where the ribosomal precursor RNA is eluted. When RNA from higher organisms is eluted from MAK columns with a salt gradient such as the one used here, the ribosomal precursor is eluted slightly after the rRNA (see, e.g., Ellem, 1966) . Since yeast ribosomal precursor is also rapidly labelled, the principal concern in this investigation was the extent to which the sodium dodecyl sulphate fraction might be contaminated with this RNA species. Since mRNA is not methylated (Moore, 1966) , pulsing the cells with methyl-labelled methionine should result in the labelling of all RNA species except mRNA and 5S RNA. The MAK column chromatogram of RNA from yeast cells that were pulsed with methionine is shown in Fig. 6 . This chromatogram shows that essentially all of the methyl-labelled RNA is eluted by the salt gradient. The unusually high amount of radioactivity in the tRNA region could be due to the presence of labelled methionine-charged tRNA. The small 702 \R A \ RO0--radioactivity peak trailing the rRNA probably represents ribosomal precursor RNA.
To further characterize the sodium dodecyl sulphate fraction, the labelled nucleotide composition of this RNA was determined. RNA from cells that were labelled for 20min with [32p]_ phosphate was adsorbed on an MAK column and elution was carried out as usual. The radioactivity elution profile was similar to the profiles obtained when cells were pulsed with radioactive uracil. The labelled base composition of the peak salt-eluted fraction (rRNAj and of the peak sodium dodecyl sulphate-eluted fraction was determined. The results of this experiment, together with some base ratios determined by other workers are summarized in Table 1 . This table shows that the composition of the sodium dodecyl sulphate-eluted RNA closely resembles the composition of yeast DNA and pulselabelled RNA from yeast polyribosomes. Moreover, the nucleotide composition of the rRNA based on this isotopic determination closely resembles the composition determined by direct methods.
In the labelling kinetics experiments the simplified elution procedure, described in the Materials and Methods section, was followed. The kinetics of
[14C]uracil incorporation into TD-RNA was used to determine the rate of synthesis of this species during normal growth conditions. Fig. 7 On the other hand, the incorporation into TD-RNA, although rapid initially, declines considerably over the 2h labelling period. A curve of this type would be expected to result from incorporation into a rapidly turning-over molecular species such as mRNA. If it is assumed that this fraction is nearly saturation-labelled at 2h, the half-life of this species can be graphically estimated to be approximately 20min.
A delay in the incorporation due to the presence of a large intracellular precursor pool would significantly change the above estimate. The incorporation into the salt-eluted fraction was nearly linear even after brief labelling periods. However, since this fraction contains both tRNA and rRNA, rapid initial labelling of tRNA (or the terminal adenosine of tRNA) might compensate for a lag in the labelling of rRNA, yielding what appears to be linear incorporation. To investigate this possibility, cells were incubated with [14C]uracil and samples were taken from the culture over a 1 h period. RNA was extracted, and the 28 S, 18 S, and 4-5S species were separated by sucrose-density-gradient centrifugation. The relative specific radioactivity of each species was determined for each labelling period. The results of this experiment (Fig. 8) show that although the tRNA is labelled slightly before the rRNA, the labelling of both species becomes linear after 10min. A delay of this order would not significantly affect the interpretation of Fig. 7 .
To investigate the decay kinetics of the TD-RNA, 'chase' experiments were carried out under several different physiological conditions. Time (min) Fig. 8 . Kinetics of incorporation of [14C]uracil into rRNA and tRNA, which were separated by zonal centrifugation on a sucrose gradient. Incorporation of ['4C]uracil was carried out as described in Fig. 7 . Centrifugation was carried out as described in Fig. 3 . The peak 18 S and 28 S rRNA fractions were combined to obtain the values shown for rRNA. e *, rRNA; *----, tRNA.
shows the results of such an experiment carried out under normal growth conditions. The radioactivity is rapidly 'chased' out ofthe TD-RNA with complex, but nearly first-order decay kinetics: a half-life of about 15min can be estimated from this curve. The specific radioactivity of the salt-eluted fraction shows a slow near-linear decline over the 2h period as would be expected for a stable radioactive species that is constantly being diluted with nonradioactive material. In yeast and many higher organisms the antibiotic cycloheximide has been shown to inhibit specifically protein synthesis, apparently by blocking the transfer of amino acids from aminoacyltRNA to growing polypeptide chains (Lin, Mostreller & Hardesty, 1966; de Kloet, 1966; Siegal & Sisler, 1964) . In yeast protoplasts cycloheximide inhibits polyribosome degradation, but allows continued RNA synthesis (de Kloet, 1966; Hartwell & McLaughlin, 1969) . Accordingly, the disappearance of radioactivity from the TD-RNA fraction was investigated during inhibition of protein synthesis by cycloheximide. Fig. 10 shows that the 'chase' of label from the TD-RNA is almost completely inhibited in the presence of cycloheximide. The minor decrease in radioactivity could be accounted for by continued synthesis and utilization ofunlabelled precursors: this would apply Except for the addition of cycloheximide at zero time, the experiment was carried out under the conditions described for Fig. 9 Fig. 11 shows that the breakdown of the labelled TD-RNA is significantly retarded in comparison with the rapid breakdownm observed under normal growth conditions (Fig. 9) In contrast with the briefly labelled RNA, longterm labelled rRNA (from sedimented ribosomnes) is quantitatively eluted by the salt gradient (Fig. 2) . Minor contamination of the ribosomal pellet with mRNA could account for the small peak of radioactivity eluted by the sodium dodecy] sulphate in this case. Similarly, methyl-labelled RNA, presumably containing no mRNA, is quantitatively eluted by the salt gradient (Fig. 6) .
The yeast TD-RNA was shown to have several characteristics of mRNA. The sucrose-densitygradient profile of briefly labelled TD-RNA appears as a broad 12S-20S peak (Fig. 3 ) similar to the profile of pulse-labelled polyribosomal mRNA (Fig. 4) . When such polyribosomal mRNA is chromatographed separately, the major portion of it is tenaciously bound to the column (Fig. 5) . Although pulse-labelled RNA from yeast polyribosornes has been previously characterized as a polydisperse 12 S-23 S fraction (Hartlief & Koningsberger, 1968 ) the same workers found that the /3-galactosidase mnRNA had a sedimentation coefficient of about 28S.
The yeast TD-RNA w\N,as further characterized as mRINA by its close sinilarity in nucleotide Bioch. 1970, 119 Vol. 119 p.~~~~~~~~~~~~~~~~~7 composition to yeast DNA and to pulse-labelled polyribosomal mRNA from yeast protoplasts. In contrast, isotopic nucleotide analysis of total yeast RNA from cells that were pulsed with 32P for 5min
shows that this RNA contains only 40% that resembles DNA whereas 60% resembles rRNA (Kitazume & Ycas, 1963) .
One of the important advantages of this MAK column fractionation procedure over the isolation of polyribosomal mRNA from yeast protoplasts is that the turnover of mRNA can be investigated under normal physiological conditions. Thus, from the kinetics of [14C]uracil incorporation, and the 'chase' of label from the TD-RNA, a half-life of 15-20min was estimated (Figs. 7 and 9) . Fig. 9 further shows that even after brief labelling periods a large fraction of the label is in stable RNA. This has also been shown to be the case in E8cherichia coli, where mRNA is synthesized at halfthe rate ofstable RNA (Salser, Janin & Levinthal, 1968) .
The decay of labelled TD-RNA was also studied during inhibition of protein synthesis both by cycloheximide, and by glucose starvation (Figs. 10 and 11). In both cases the decay of this fraction was significantly retarded. The results are in general agreement with studies of the decay of bacterial mRNA. When protein synthesis is inhibited either by chloramphenicol, or amino acid starvation in E. coli, the mean life of mRNA is considerably increased (Forchammer & Kjeldgaard, 1967) . When energy metabolism is blocked by anaerobiosis in Bacillus 8ubtili8, the decay of rapidly labelled RNA, as well as the decay of ,B-galactosidase messenger is significantly retarded (Fan, Higa & Levinthal, 1964; Nakada & Fan, 1964) . The decreased breakdown of messenger during the absence of protein synthesis apparently results from some protection given to the messenger by the intact polyribosome complex Nakada & Fan, 1964; Gilbert, 1963) .
In most studies involving the characterization of mRNA, or estimates of its turnover rate, interpretive difficulties have resulted from an inadequate chemical or physical separation of the total mRNA from stable RNA. On the basis of the results of this paper, and other studies involving metazoan nucleic acids, MAK column chromatography appears to be one of the more effective means of separating mRNA from other nucleic acid species.
